Laminin-5 is an important constituent of the basal lamina. The receptors for laminin-5, the integrins 3 1 and 6 4, have been associated with epithelial wound migration and carcinoma invasion. The signal transduction mechanisms that regulate these integrins are not well understood. We report here that the small GTPase Rap1 regulates the adhesion of a number of cell lines to various extracellular matrix proteins including laminin-5. cAMP also mediates cell adhesion and spreading on laminin-5, a process that is independent of protein kinase A but rather dependent on Epac1, a cAMP-dependent exchange factor for Rap. Interestingly, while both 3 1 and 6 4 mediate adhesion to laminin-5, only 3 1-dependent adhesion is dependent on Rap1. These results provide evidence for a function of the cAMP-Epac-Rap1 pathway in cell adhesion and spreading on different extracellular matrix proteins. They also define different roles for the laminin-binding integrins in regulated cell adhesion and subsequent cell spreading.
Rap1 regulates 3 1 and not 6 4 Rap1 regulates 3 1 and not 6 4 Extracellular matrix preparation -All cell adhesion assays -except K562 cells-were carried out using the laminin-5-rich matrix of 804G cells, which was prepared as described previously (22) . Briefly, 804G cells were plated on 6-well plates or 24-well plates (Costar) and allowed to adhere overnight. After removal of the culture medium, the cells were washed in PBS, and removed from their matrix by treatment with 20 mM NH 4 OH for 10 minutes at room temperature. The plates were then washed four times with PBS, and complete removal of any residual cells was confirmed by microscopy.
Alternatively, plates were coated overnight at 4 0 C with conditioned medium from 804G cells, yielding identical results. Plates were blocked with serum-free DMEM containing 20 mM Hepes pH 7.4 and 1% fatty acid-free bovine serum albumin (BSA) for 1 hour at 4 0 C. K562 cell adhesion assays were performed using the laminin-5 matrix of Rac-11P/SD cells as described previously (23) . Briefly, cells were grown in 96-well tissue culture plates for 2 days until confluent. Cells were then detached with 10 mM EDTA overnight at 4 0 C. Resulting laminin-5-coated wells were washed 3 times with PBS and checked under the microscope to ensure that all cells had been removed. Coated wells were then blocked with 1% heat-denatured BSA for 1 hour at 37 0 C. Fibronectin matrix (5 g/ml) was prepared as previously described (17).
Adhesion assays-Adhesion assays were performed in triplicates as described previously 
FACS analysis
Ovcar-3 cells were grown to~70% confluency, trypsinized, and recovered in serum-free Rap1 activation assay and phosphorylation of CREB-Rap1 activation assays were performed as described previously (25,26). Briefly, adherent cells were stimulated as indicated and lysed in 750 µl lysis buffer (10% glycerol, 1% Nonidet P-40, 50 mM TrisCl, pH 7.5, 200 mM NaCl, 2 mM MgCl 2 , 5 mM NaF, 1 mM NaVO 3 , and 1 mM PMSF).
Lysates were clarified by centrifugation, and 500 µl of lysate was incubated with GSTtagged RBD of RalGDS pre-coupled to glutathione beads to specifically pull down the GTP-bound forms of Rap1. Samples were incubated for 1 h at 4 0 C while tumbling.
Beads were washed four times in lysis buffer, and remaining fluid was removed with an 
Results

Rap1 induces adhesion to Ln-5
To investigate whether Rap1 is able to induce adhesion to Ln-5, we used 804G rat bladder carcinoma cells, which are known to adhere to . Cells were transfected with luciferase cDNA under control of a CMV promoter in combination with either Rap1V12, an activated mutant of Rap1 that is preferentially GTP-bound, or with Rap1GAPI, an inhibitor of Rap1. After detachment with trypsin-EDTA, the cells were plated on a Ln-5 matrix and adhesion was quantified. As shown in Activation of endogenous Rap1 and expression of Epac1 is shown in Fig. 1D . PDZ-GEFI is another exchange factor that does not activate any other small GTPase than the GTPases of the Rap family (20, 29) . Overexpression of PDZ-GEF in 804G cells also increased adhesion to Ln-5, whereas Rap1GAPI had a slight inhibitory effect (Fig. 1E ).
Activation of endogenous Rap1 and expression of the transgenes is shown in Fig. 1F .
Interestingly, HEK293T cells, which only express 3 1 and not 6 4, also adhered to a Ln-5 matrix than untreated cells (Fig. 2E, left) . The forskolin-treated cells were still round at this timepoint, without having undergone the large cytoskeletal changes that results in cell spreading (Fig. 2E, right) . The fact that the rapid forskolin-induced increase in cell adhesion precedes the increase in cell spreading suggests that extensive cytoskeletal rearrangements are not required for Rap1-induced augmented cell adhesion.
This view is in line with previous reports that Rap1 can regulate integrin affinity and avidity (16) . Taken together, these results show that cAMP induces rapid, Epac-Rap1-dependent cell adhesion of Ovcar-3 cells to Ln-5.
cAMP-induced cell adhesion to Ln-5 is mediated by 3 1
Since over-expression of Epac1 resulted in increased adhesion to Ln-5 of HEK293T cells, which lack 6 4, we hypothesized that Rap1 may regulate the 3 1 integrin rather than 6 4. Therefore, we performed an adhesion assay with Ovcar-3 cells these cells do not express 3 1, and therefore adhesion to Ln-5 is strictly mediated by 6 4 (23). First, we tested whether activation of Rap1 results in increased adhesion to FN, which is mediated by 1 integrins. Indeed, upon stimulation with the phorbol ester PMA, which is a strong stimulus for Rap1 (39) , these cells rapidly adhered to FN. This was dependent on Rap1, since over-expression of Rap1GAPI strongly inhibited adhesion (Fig. 3B) . As expected, this PMA-induced, Rap1-mediated induction of cell adhesion was almost completely blocked by function-blocking antibodies against 1 integrins, whereas as a control antibodies against 6 had no effect. In contrast, PMA did not enhance cell adhesion to Ln-5, and over-expression of Rap1GAPI had no effect on cell adhesion,
showing that Rap1 does not regulate 6 4 ( Fig. 3C ). Rap1 has previously been shown to regulate the avidity and affinity, but not cell-surface expression of various integrins. As shown in Fig. 3D , Rap1 also does not increase the cell-surface expression of 3 1
integrins, indicating that the cAMP-induced increase in cell adhesion to Ln-5 is mediated by increased 3 1 avidity or affinity, or both, but not the number of integrins on the cell surface. Altogether, we conclude that Rap1-dependent cell adhesion to Ln-5 is mediated by 3 1 and is independent of the number of 3 1 integrins on the cell surface.
Importantly, these data indicate that Rap1 specifically regulates 1 integrins and not 4
integrins.
cAMP potentiates cell spreading on Ln-5 through Epac
Rap1 has not only been implicated in cell adhesion, but also in cell spreading of a number of cell lines on FN or collagen I, including HEK293, B lymphocytes, and MEFs (40) (41) (42) .
Cell spreading involves reorganization of the actin cytoskeleton, and the resulting Fig. 4A , Rap1V12 potentiates cell spreading, whereas Rap1GAPI had no effect.
Quantitative analysis showed that cells expressing Rap1V12 have a cell surface approximately twice the size of mock transfected cells (Fig. 4B) . Previously, cAMP has been shown to induce cell spreading through PKA-dependent activation of Rac1 (18) . We wanted to test whether cAMP might also influence cell spreading through the Epac-Rap1
pathway. Indeed, when left untreated, Ovcar-3 cells spreaded on a fibronectin matrix, but treatment with forskolin resulted in more rapid and more extensive cell spreading (Fig.   4C ). This was not blocked by the PKA-inhibitor H-89, and it was mimicked by the Epacspecific cAMP analogue 8CPT-2Me-cAMP. Furthermore, treatment of Ovcar-3 cells with either forskolin of isoproterenol also promoted cell spreading on a Ln-5 matrix, which was not inhibited by H-89 (Fig. 4D) , indicating that this also may be mediated by the Epac-Rap1 pathway. Indeed, treatment of cells with 8CPT-2Me-cAMP mimicked forskolin-and isoproterenol-enhanced cell spreading (Fig. 4E) , showing that specific activation of the Epac pathway is sufficient to promote cell spreading. Since Rap1 mediates cell adhesion to Ln-5 specifically through 3 1, we wanted to test whether cell spreading on Ln-5 is also mediated by 3 1 rather than 6 4. Therefore, we pretreated cells with antibodies against either 3 or 6 integrins before performing a cell spreading assay. As shown in Fig. 4F 
Discussion
Our results reveal a role for the cAMP-Epac-Rap1 signaling pathway in cell adhesion on various substrates, including Ln-5, which is independent of PKA.
Furthermore, we show for the first time that cAMP-induced cell spreading can also be regulated by the Epac-Rap1 pathway, which thus far was thought to be mediated by PKA, through activation of Rac (43). Finally, and in our eyes most importantly, our results indicate that Rap1 specifically regulates 1 integrins and not 4 integrins.
Various integrin functions on Ln-5 have previously been shown to be dependent on cAMP, PKA and the small GTPases RhoA and Rac (44, 45) . It is possible that cAMP utilizes both pathways to fine-tune its effects on cell adhesion and migration. Indeed, in addition to PKA, the Epac-Rap1 pathway has recently been shown to regulate Rac (31).
Furthermore, PKA and Epac have opposing roles in activation of protein kinase B (PKB)
in HEK293 cells (46) . These findings indicate that PKA and Epac may share at least some effector proteins involved in cell adhesion and migration. It is not likely, however, that the effects of cAMP and Epac-Rap1 on cell adhesion and cell spreading described in this report are mediated by either Rac or PKB, since these proteins are not activated by cAMP in Ovcar-3 cells (JME, unpublished observations).
Rap1 regulates cell adhesion to a series of substrates, including fibronectin, fibrinogen, collagen, ICAM, and VCAM, through a wide variety of integrins, including blocked by antibodies against 3 1 integrins, whereas antibodies against 6 4 have no effect suggests that Epac and Rap1 specifically regulate the 3 1 integrin and not 6 4.
Indeed, Rap1 fails to stimulate adhesion to Ln-5 in 6 4-expressing K562 cells, which lack 3 1. In contrast, 1-dependent adhesion to FN was clearly potentiated by Rap1.
Therefore, our results show that Rap1 specifically regulates 3 1 and not 6 4. Rap1 has been shown to increase integrin avidity and affinity, but not cell surface expression of integrins (16) . In line with these reports, we find that the cAMP-Epac-Rap1 pathway does not increase the cell surface expression of integrin 3 1, indicating that Rap1 probably influences integrin avidity or affinity, or both. Furthermore, our data show that the rapid cAMP-induced increase in cell adhesion precedes the increase in cell spreading, suggesting that extensive cytoskeletal rearrangements are not required for
Rap1 regulates 3 1 and not 6 4 cDNA, treatment with cAMP results in increased cell adhesion, which is not blocked by inhibitors of the actin cytoskeleton (L.S.P., unpublished results). Therefore, although
Rap1 stimulates cell spreading, the Rap1-mediated increase in cell adhesion seems to be independent of the actin cytoskeleton. Finally, Rap1 has recently been shown to regulate E-cadherins, and thereby cell-cell adhesion (49). Altogether, this suggests that Rap1 may act as a global regulator of cell adhesion, functioning relatively high in the hierarchy of a number of specific signalling pathways that control several aspects of cell adhesion.
Unfortunately, the direct effectors of Rap1 remain unclear (15) . Rap1 has been shown to bind to and activate B-Raf, resulting in activation of ERK, although this is still a matter of debate (21) . Rap1 may also regulate the cell-cell adhesion molecule AF-6 (50), which is found in adherens junctions and which may be involved in regulation of cell adhesion Rap1 regulates 3 1 and not 6 4 components of the Rap1 effector pathway that mediates cell adhesion remains a major challenge.
In summary, we find that cAMP regulates adhesion and cell spreading of a number of cell types to various substrates, including Ln-5. The fact that adhesion and spreading to Ln-5 is mediated by Epac and Rap1 rather than PKA provides a novel 'inside-out' regulatory mechanism for 3 1 adhesive properties. These results may have important consequences for our current understanding of the effect of a wide variety of cAMPcontrolling hormones as for instance isoproterenol, SDF-1, serotonin, carbachol, or PGE2 on many integrin-mediated cellular functions, like wound healing, migration, axon guidance, and signaling. 
